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The First Department of Internal Medicine, Tohoku University School of Medicine and *Laboratory of Nutritional Chemistry, Faculty of Agriculture, Tohoku University, Sendai 980 SATO, S., SHIMURA, S., HIROSE, T., MAEDA, S., KAWAKAMI, M., TAKISHIMA, T. and KIMURA, S. Effects of Long-Term Ozone Exposure and Dietary Vitamin E in Rats. Tohoku J. exp. Med., 1980, 130 (2) , 117-128 -Rats fed on a vitamin E-deficient diet (E-depleted group) and a vitamin E-supplemented diet (E-supplemented group) were exposed to 0.3 ppm ozone for three hours daily, five days a week for seven months.
Then animals from each group were sacrificed, and electron microscopic studies on the lung and biochemical examinations on the lung and liver were performed. 1) Vitamin E concentration in serum decreased following ozone exposure in the E-supplemented group, whereas it remained unaffected in the Edepleted group. 2) Both TBA value and % release of lysosomal enzyme (acid phosphatase) of the liver were increased in vitamin E-depleted air-exposed rats, and showed even higher values following ozone exposure. Levels of both components were highest in the vitamin E-depleted ozone-exposed rats, thus demonstrating that there are a marked increase in lipid peroxide and the increased labilization of lysosomes in this instance.
3) Arachidonic acid (20:4) of total lipid, phospholipid and lecithin in the lung tissue showed a tendency to decrease in vitamin E-depleted air-exposed rats. Those in the ozone-exposed animals showed in both groups a tendency to increase in total lipid and lecithin, and to decrease in phospholipid. However, a change in the fatty acid composition following ozone exposure was generally mild. 4) The fatty acid composition of phospholipid in lung washings did not show a remarkable change following ozone exposure in either group, thus suggesting that it has the resistivity to oxidation. 5) Morphological observa tions on the lung with the scanning and transmission electron microscopes did not reveal any clear differences between the two groups. The defensive effect of vitamin E on ozone toxicity induced by long-term exposure to ozone was not made clear by the morphological or biochemical examination of the lung. However, biochemical findings in liver of rats exposed to ozone suggested the possibility that vitamin E deficiency permits the damaging effects of lipid peroxidation on biolog ical membranes. ozone toxicity; vitamin E deficiency; lung morphology; lipid peroxidation in liver; fatty acid compositions of the lung The occurrence of lipid peroxidation due to exposure of lung tissue to ozone has been suggested by several investigators (Goldstein and Balchum 1967; Goldstein et al. 1969) . In this regard, vitamin E is believed to function as a "scavenger" of free radicals and thereby prevent the propagation of the peroxidation process. Vitamin E, therefore, is drawing the attention of many in-vestigators with respect to its role as a protective mechanism against ozone toxicity (Goldstein et al. 1970; Roehin et al. 1971 Roehin et al. , 1972 Moriwaki 1973; Fletcher and Tappel 1973; Warshauer et al. 1974; Sato et al. 1976; Mustafa and Lee 1976) . For instance, continuous ozone exposure caused deaths in vitamin E-deficient rats significantly earlier than in control rats given a normal diet (Goldstein et al. 1970; Roehm et al. 1971) . It has been also demonstrated that vitamin E deficiency enhanced the decrease in bactericidal activity caused by ozone exposure (Warshauer et al. 1974 ). These and other biochemical studies (Roehm et al. 1972; Moriwaki 1973; Fletcher and Tappel 1973; Mustafa and Lee 1976) clearly indicated that vitamin E plays an important role as an antioxidant against oxidizing agents.
In an earlier investigation involving scanning and transmission electron microscopy, we demonstrated that vitamin E offers a protection against acute ozone toxicity (Sato et al. 1976) . In this report, we present our observations on the role of vitamin E during chronic exposure to ozone, using ultrastructural and biochemical approaches. Activity of acid phosphatase, a representative lysosomal enzyme, and the ratio of free acid phosphatase activity (F) to total acid phosphatase activity (T) as an index showing the degree of labilization of lysosomal membrane were determined using a modification of Tappel's method (1963) . The unit of activity was expressed as a percentage of F/T calculated from the absorption value at 405 nm. Gross appearance. During long-term exposure to ozone, 3 rats (2 in the exposed E-depleted group and 1 in the unexposed E-depleted group) died, and all of them showed evidence of extensive pneumonic consolidations.
MATERIALS AND METHODS
However, there were no particular gross changes in any lungs or livers investigated.
Tocopherol concentration in serum. Total tocopherol concentration was significantly lower in the E-depleted group compared with the levels in the Esupplemented group (p<0.05). After long-term exposure to ozone the level dropped significantly (p<0.05) in the E-supplemented rats, but remained unaffected in the E-depleted rats (Table 1) . Influence of vitamin E on lipid peroxidation in the liver. The TBA value was approximately five times higher in the E-depleted group than in the Esupplemented group (Table 2) . Thus, a significantly higher level of TBA reactant occurred due to vitamin E deficiency alone. Upon exposure to ozone, an increase of TBA reacting substances was detected in both groups . The level of TBA reactants was higher in the exposed E-depleted rats than in the exposed E-sup plemented rats (Table 2) . Influence of vitamin E on liver lysosomal enzyme activity . The ratio of free acid phosphatase activity to total acid phosphatase activity (F/T) was increased by approximately 35% with vitamin E deficiency alone . Upon exposure to ozone, the ratio increased further in both E-depleted and E-supplemented groups , but more markedly in the E-depleted group (Table 2) . This increase suggests damage of the lysosomal membrane in the liver cell . As observed with the measurement of TBA-reactants, lipid peroxide formation in the liver was enhanced in the E-depleted group , and this might presumably account for the increased labilization of lysosomes , which was further increased by ozone exposure.
Influence of vitamin E on the fatty acid composition of lung tissue . In general, the polyunsaturated fatty acids are susceptible to peroxidation , and was probably responsible for the TBA-reactant formed under in vivo conditions (Witting 1967; Goldstein and Balchum 1967; Goldstein et al. 1969; Moriwaki 1973) . As presented in Tables 3 , 4 and 5, with vitamin E deficiency alone, C20:4 fatty acid tended to decrease in all lipid fractions , but the decrease was not statisti- tally significant.
Changes in C18:2 acid were not significant either.
In lecithin fraction there was a significant increase in C16;1 (p<0.01), C18:0 (p <0.05) and C18:l acids (p<0.01) due to vitamin E deficiency (Table 5 ), but this increase might have resulted from a decrease in C20,4 acid with vitamin E deficiency. The C16:l acid remained relatively unchanged. This fatty acid, being a major component of lung surfactant, determines the activity of pulmonary surfactant and its change would have caused a functional alteration in the lung (Brown 1964) . After ozone exposure only limited changes in fatty acid composition were observed: viz., an increase in C14.0 acid of phospholipid fraction (p<0.05) and a decrease in C16:0 acid of lecithin (p<0.05) fraction in the E-supplemented group, and a decrease in C,,:, acid of phospholipid fraction (p<0.01) in the E-depleted group. However, it was the decrease in C16:o of lecithin that was particularly of interest. It is possible that 016:0 acid suffered a loss due to ozone exposure, since surfactant might have been lost. In the E-depleted group, however, the change in C16:0 acid of lecithin fraction was not observed. There was only a trend of increase in 020:4 acid in the fractions of total lipid and lecithin, but a trend of decrease in phospholipid in both the E-supplemented group and E-depleted group following ozone exposure.
Influence of vitamin E on the fatty acid composition of lung lavage. Lipid in lung lavage is largely accounted for by the lung surfactant. Since the absolute amount of lipid was small, only phospholipid was examined; saturated fatty acid accounted for approximately 60 per cent, which was in agreement with previous results (Roehm et al. 1972) . A change in the fatty acid composition due to vitamin E deficiency was observed similar to that found in the lung tissue. The C13:3 and C20:4 acids decreased significantly in the E-depleted group compared with the E-supplemented group. Following ozone exposure, an increase of C20 :4 acid in the E-supplemented group and an increase of C18:3 acid in the E-depleted group were observed (Table 6 ). There were little changes observed in other fatty acids. This suggests that the pulmonary surfactant system was resistant to oxidation. Influence of vitamin E on the pathology of rat lungs exposed to ozone Light microscopy. In either the E-supplemented or the E-depleted group exposed to ozone, no definite pathological changes were found in the conducting airways and alveolar regions.
Ozone-Induced Toxicity and Vitamin E 123 Fig. 1 . Transmission electron micrograph of ciliated cells lining the terminal bronchiole of a vitamin E-depleted rat exposed to ozone for 7 months. Reduced density and shortening of the cilia were observed even though ciliated cells contained as many basal bodies as usual (final magnifica tion: x 20,000). Ba, basal body; Ci, cilia. Fig. 2 (left) . Scanning electron micrograph of a portion of the terminal bronchiole from a vitamin E-depleted rat exposed to ozone for 7 months. Cilia appear to be less abundant , which is similar to the finding seen in Fig. 1 (final magnification: x 10 ,000). Ci, cilia; Cl a, Clara cell. Fig. 3 (right) . Scanning electron micrograph best revealed granularity of the cytoplasmic luminal projection of Clara cells. A portion of the terminal bronchiole of a vitamin E-depleted rat exposed to ozone for 7 months (final magnification: x 10 ,300). Cla, Clara cell. Fig. 4 (left) . Transmission electron micrograph of a Clara cell and a ciliated cell from the terminal bronchiole of a vitamin E-depleted rat exposed to ozone for 7 months. Surface characteristics of the Clara cell were altered and showed marked unevenness (arrow) following ozone exposure, which is similar to the finding seen in Fig. 3 (final magnification: X 10,300). Ci, cilia; Cla, Clara cell. Fig. 5 (right) . Transmission electron micrograph of a crystalloid inclusion (arrow) in a Clara cell from the terminal bronchiole of a vitamin E-depleted rat exposed to ozone for 7 months (final magnification: x 33,000).
Electron microscopy. Lung tissues from unexposed control rats in the Esupplemented group and in the E-depleted group were identical and showed no abnormalities. Ultrastructural changes following ozone exposure were generally mild in both groups; that is, slight changes in the cilia confined to the terminal bronchioles and proximal portion of the alveolar duct, and slight changes in the Clara cells were visible. There was, however, no distinctive difference in the pathological findings between two groups. Fig. 1 shows a ciliated cell lining the terminal bronchiole in the E-depleted group . Cilia are lined up sparsely, indicating loss and shortening of them. Fig. 2 is a scanning electron micrograph apparently similar to the findings described for Fig. 1 . Surface characteristics of the Clara cells were altered. Scanning electron micrographs best revealed the granularity of the cytoplasmic lurninal projections of Clara cells (Fig. 3) . Transmis sion electron micrographs also showed marked unevenness of the apical surface of Clara cells following ozone exposure (Fig. 4) . Occasional crystalloid inclusions (Fig. 5) were found in the Clara cells. These inclusions were probably the sane as those reported by Stephens et al. (1971) and Kuhn et al . (1974) in Clara cells of rats exposed to low concentration of NO,, but their origin and function were Witting (1967) found an increase of C20:4 acid in the muscle, liver and testes of vitamin E deficient rats. With regard to the mechanism of this change, Bernhard et al. (1963) have suggested that the change may be due to a lack of sufficient vitamin E which is necessary to regulate the reaction of chain elonga tion and desaturation. The lung is an organ rich in phospholipids, particularly lecithin which constitutes 50-70 per cent of the phospholipids. In the present study, changes in the fatty acid composition of these phospholipid and lecithin by vitamin E deficiency and ozone exposure were not always the same. As one of the reasons for this, mention may be made of the possibility that synthesis and secretion of lung surfactant present in the lung tissue will be necessarily altered. Further, the fatty acid composition of lung lavage did not undergo a remarkable change following ozone exposure in the present study, indicating the resistibility of DPL against oxidation. Huber et al. (1971) and Moriwaki (1973) reported that lipid of the lung tissue or lavage showed no change in the fatty acid composition even when exposed to high concentrations of ozone, and suggested that this might be due to the fact that it contained a great deal of C16:0 acid and thus was relatively stable to and not easily influenced by even a strong oxidizing agent, such as ozone.
In our previous paper, we demonstrated at the ultrastructural level by scanning and transmission electron microscopy that the acute effects of a low concentration of ozone on the conducting airways and alveoli were more prominent in the Edepleted group than in the group receiving dietary vitamin E (Sato et al. 1976 ). However, in rats receiving a long-term exposure of ozone, ultrastructural changes were generally mild even in the E-depleted group. This is probably attributable in part to the advanced age of rats and tolerance mechanisms (Fairchild 1967) . Also, this finding suggests that tolerance is demonstrable in vitamin E-deficient rats as well as in vitamin E-supplemented rats. The mild ultrastructural changes were found particularly in the portion functionally known as the "silent zone" . This fact was in agreement with previous reports (Scheel et al . 1959; Freeman et al. 1973 Freeman et al. , 1974 Castleman et al. 1973; Plopper et al. 1973; Stephens et al . 1974;  Toxicity and Vitamin E 127 Schwartz et al. 1975 Schwartz et al. , 1916 Mellick et al. 1977 ) and may be taken as an important indication of the close relationship between air pollutants and "small airway disease". However, its relationship with vitamin E deficiency is not clear .
In the present study, changes in fatty acid composition of the lung tissue and lavage fluid were minimal in both dietary groups, and lung morphology studied by scanning or transmission electron microscopy showed no differences between dietary groups.
Nevertheless, judging from the biochemical findings alone in liver of rats exposed to ozone, there is clear indication that vitamin E deficiency permits the damaging effects of lipid peroxidation on biological membranes. In other words, our data support the possibility that the ability of animals to withstand oxidant stress can be increased through dietary supplementation of vitamin E. These findings may be of relevance to human population exposed to photochemical smog. 
